The study is basically an extension of the k-day Vol ratio analysis on Nifty Index, proposed by Viswanathan and Maheswaran (2016) 
INTRODUCTION
Long memory dynamics is an extensively investigated phenomenon. The presence of long memory or long-range dependence has important implications as traditional theories are built on the assumption of independently and identically distributed stock returns (Mandelbrot, 1971) . The study of long-memory aids in examining the structure of volatility in stock returns. Breidt et al. (1998) ; Baillie et al. (1996) ; Ding and Granger (1996) ; Comte and Renault (1998) and Robinson (1991; 2001) found evidence for long memory in realized volatility. Analyzing the structure of volatility reveals immense information regarding financial markets and helps in forming better trading strategies.
Researchers are keen to examine the impact of various events on the structure of volatility (Click and Plummer, 2005; Lim et al., 2008) . The global financial crisis of 2008 is one such event that has been studied extensively to investigate its impact on the global stock markets and economy.
After a silent start, 2008 exploded into a financial earthquake. Since then, there has been a number of studies regarding how the global financial crisis of 2008 altered the structure of stock markets around the world. We are ISSN(e): 2222-6737/ISSN(p) particularly interested in extending our previous study about the impact of the financial crisis of 2008 on the Nifty index (Viswanathan and Maheswaran, 2016) to global stock indices. This paper analyses the structure of volatility of Nifty Index by proposing a new statistic, Vol Ratio which allows to infer the behavior of volatility of volatility at various horizons. It was found that there has been a dramatic change in the structure of volatility due to the global financial crisis of 2008. In short, the volatility of volatility displays a rapid decline with respect to the horizon, whereas it does not die down subsequent to the crisis.
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In this paper, we extend the analysis of the k-day Vol Ratio, proposed in the above-mentioned paper to global stock indices. We conjecture that the global stock indices will behave similar to that of Nifty Index during the postcrisis period (Figure 3) . We analyze global indices such as S&P500, FTSE100 and DAX to see whether or not they have undergone any structural change due to the financial crisis of 2008. What we find is that, these indices experienced persistent and positive Vol of vol, even for longer term returns thereby indicating presence of stochastic volatility which implies long memory. Analysis on all the samples under consideration produced results similar to that of Nifty index during post-crisis period.
The rest of the paper is organized in 4 sections. Section 2 consists of an extensive literature review. Section 3, Methodology has two sub-sections namely 3.1 summarizes theory and 3.2 describes the model. Section 4 contains details of empirical analysis with separate sub-sections for data (4.1), analysis (4.2) and empirical findings (4.3).
Section 5 contains concluding remarks.
LITERATURE REVIEW
In finance, long memory has a long history and continues to be a topic of active research. Mandelbrot (1971) was among the first to consider the effect of persistent dependence in asset prices. He argued that martingale and random walk models of speculative prices may not be reliable in the presence of long-range dependence. This observation was followed by a number of empirical studies focused on examining the long-range dependence in asset prices as well as the development of various methods of estimation of long memory.
Stochastic models that exhibit dependence over very long time spans such as fractionally integrated time series models of Mandelbrot and Van (1968) ; Granger and Joyeux (1980) and Hosking (1981) were introduced. These processes have an auto-correlation function that decays slowly than the short-term dependent time series. Bollerslev (1986) proposed the Generalized autoregressive conditional heteroscedasticity (GARCH) model to detect long-range dependence. Lo and MacKinlay (1988) made use of the ratio of the variance of k-week stock returns to k times the variance of one-week stock returns. They found that the ratio goes above unity for small values of k (2≤ k ≤32). Poterba and Summers (1988) pointed out that the variance ratio falls below one for much larger values of k.
Among other methods of detecting long-range dependence, the classical R/S statistic developed by Hurst (1951) is of great significance. Mandelbrot (1972) demonstrated the superiority of R/S analysis. This method was further augmented by Lo (1989) as modified R/S analysis. Variations of GARCH model such as IGARCH (Nelson, 1990) ; EGARCH (Nelson, 1991) NGARCH (Higgins and Bera, 1992 ) QGARCH (Sentana, 1995) TGARCH (Zakoian, 1994) GJR GARCH (Glosten et al., 1993) FIGARCH (Baillie et al., 1996) CO-GARCH (Klüppelberg et al., 2004) etc. emerged later.
In light of these methods, a number of studies substantiating the evidence of long memory in stock returns were undertaken. Ding et al. (1993) ; Bollerslev and Mikkelsen (1996) ; Mikosch and Starica (1998) analyzed S&P 500 and found evidence for long-range dependence. Some of the recent studies such as Granger and Hyung (2004) and Heyde and Yang (2010) supports the existence of long memory in American stock market.
There is plenty of research regarding long memory in European stock markets. Di Matteo et al. (2005) Granero et al. (2008) used R/S analysis to arrive at the same conclusion. Cheung and Lai (1995); Jacobsen (1996) ; Cajueiro and Tabak (2008) verified the presence of long memory for other European markets using modified R/S and R/S analysis.
Long memory dynamics in global stock markets has been analyzed using various methods. Our contribution in this paper is to document long-memory effects in global stock markets by making use of the novel method that was put forward by Viswanathan and Maheswaran (2016) .
METHODOLOGY

Theory
The key variable used for the analysis is the daily log returns which is defined as, x t = ln (Closing index level on day t) -ln (Closing index level on day t-1)
We assume that the unconditional distribution of the stock returns follow a mixture of normal distributions as in the context of the Mixture of Distribution Hypothesis (Clark, 1973) . That is to say,
Where, Y t is stochastic variance on day t Z t is the standard normal variable.
The statistic considered for the analysis is Vol Ratio, which is defined as,
To observe the variation of volatility on day t, we consider the statistic, Vol of vol.
Vol of vol =
The statistics used in our analysis are Vol Ratio and Vol of vol. There is evidence of deviation from normality if Vol
Ratio is less than unity. The stochastic nature of volatility can be confirmed if the Vol of vol turns out to be significantly higher than zero.
Model
We follow the model proposed by Viswanathan and Maheswaran (2016) . The series of k-day returns is generated using the following formula.
Where, x t is the daily log return, t is number of days, k is the number of observations to be summed up (as a moving window).
The series is then standardized using the formula:
(µ * and σ * are the sample mean and sample standard deviation of S t (k) respectively)
We then compute the Vol ratio and Vol of vol using the following formulae.
In order to check for deviation from normality, it has to be tested whether or not Vol Ratio is equal to unity. The hypothesis that we are testing for each index is:
If, Vol Ratio = 1 then, Vol of vol = 0 thus indicating the non-stochastic nature of volatility.
EMPIRICAL ANALYSIS
Data
Daily data of S&P500 (The United States of America), FTSE100 (The United Kingdom) and DAX (Germany)
Index from Jan 1996 to February 2016 is used. The sample is further divided into 2 sub samples: Sub Sample #1 -Jan 1996 to Dec 2007 and Sub Sample #2 -Jan 2009 to February 2016. The source of data is Bloomberg.
Analysis
We follow the k-day analysis in which the data is analysed over k-day moving windows. That is to say, when k = 1, we consider the original series of daily return and when k = 3, observations ( To avoid ambiguity, the sub-samples are named along with the title of the indices.
Empirical Findings
The following seven tables summarize the output of the empirical analysis. Each table consists of six columns that represent width of k day window, the actual Vol Ratio, bootstrap mean and bootstrap standard error of Vol Ratio, t-statistic with respect to 1 and p-value respectively (The bootstrap technique has been made use of in order to get reliable standard errors based on the finite sample distribution of the test statistics.) Table 7 summarizes Vol of vol during sub-sample #1 and sub-sample #2. This table contain six columns representing Vol of vol of S&P500, FTSE100 and DAX respectively during each sample periods.
To test the hypothesis stated in Section 3.2, for S&P500 during sub-sample #1, we perform t-tests, with 95%confidence level. For S&P500 during sub-sample #1 (Table 1) , Vol Ratio increases as k-day goes from 1 to 20.
The t-stat is significant for all k-day indicating thereby that we cannot accept the null hypothesis of Vol Ratio equal to one. Vol Ratio is below one in all cases. Therefore, the null hypothesis is rejected in case of sub-sample #1 of S&P500 index.
The tests on sub-sample #2 (Table 2 ) of S&P500 index, indicate that Vol Ratio increases as k-day increases. The t-stat remains significant throughout, which means that the null hypothesis has to be rejected in case of stock returns of S&P500 during sub-sample #2 as well. This suggests that Vol of vol remain positive and persistent throughout both pre-crisis and post-crisis period (Table 9 and Table 10 ). The t-test on returns of FTSE100 index during sub Sample #1 (Table 3) shows that Vol Ratio is significantly less than unity. Therefore Vol of vol remains positive indicating that the volatility of long-term return is stochastic during this period. The result of t-test is similar in case of returns of FTSE100 during sub-sample #2 ( hypothesis of Vol Ratio equal to one is rejected in both cases. We can say that, volatility is persistent and does not die down during the pre-crisis as well as post-crisis period for FTSE100 index. Boot mean indicates mean of Vol-Ratio computed from bootstrap samples (generated in MATLAB) for each k-day. Bootstrap standard errors are given in column 4. The t-statistic with respect to 1 and p-value are also given. Boot mean indicates mean of Vol-Ratio computed from bootstrap samples (generated in MATLAB) for each k-day. Bootstrap standard errors are given in column 4. The t-statistic with respect to 1 and p-value are also given.
Sub-sample #1 (Table 5 ) and sub-sample #2 ( after the global financial crisis experiences increasing Vol Ratio as k-day goes from 1 to 20. Vol of vol for all k-day remain positive thereby indicating the presence of stochastic volatility in long-term returns. The null hypothesis of Vol Ratio = 1 can be rejected for this sub-sample as well at 95% confidence interval. Table 5: This table displays In Table 7 below, we display the Vol of vol of k-day stock returns of all the indices under study, during sub-sample #1 and sub-sample #2. Vol of vol is calculated from the actual Vol Ratio. It can be observed that during sub-sample #1 and sub-sample #2, Vol of vol does not die down thereby indicating that long-term returns remain a mixture of normals. From tables and figures it can be seen, that the long-term stock returns of the three global indices, say S&P500, FTSE100 and DAX, during the pre-crisis as well as the post-crisis period is not normally distributed even for k-day as big as 20. That is to say, there has been no significant change in the structure of volatility of global indices due to the financial crisis of 2008. This finding is strikingly different from the analysis of structure of Vol of vol of Nifty index before and after the crisis, as put forward in the study by Viswanathan and Maheswaran (2016) . The study proved that the long-term stock returns of Nifty index, starting from k-day ≥ 10, was normally distributed with constant variance prior to the global financial crisis. However, during the post-crisis period, the Vol of vol remain persistent and does not die down rapidly (Figure 3 ). Comparing the results of analysis on global indices with Nifty Index, we argue that after the global financial crisis India has joined the league of the developed economies with regard to the structure of volatility.
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CONCLUSION
In this paper, we have investigated the structure of volatility in stock returns in the global stock markets by analyzing major indices like S&P500, FTSE100 and DAX. We observe that there has been no significant change in the structure of volatility in these indices induced by the global financial crisis of 2008. Vol of vol of long term returns during pre-crisis and post-crisis samples does not die down to zero even for k-day as big as 20. This is in contrast with the case of structure of volatility in Nifty index during pre-crisis period as described by Viswanathan and Maheswaran (2016). There was no evidence of volatility being stochastic in the Nifty index during the pre-crisis period for k-day ≥ 10 which means that long-term returns starting from k-day equal to 10 were approximately normally distributed. However, Vol of vol was found to be positive and persistent during the post-crisis period for
Nifty index. This study shows that the structure of volatility of Indian stock market subsequent to the financial crisis of 2008 is similar to the structure of volatility of major global stock markets. In short, evidence suggests that India has joined the big league in terms of the structure of volatility of stock market as a result of the global financial crisis of 2008.
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